In a previous paper (PopjAk, French & Folley, 1951) some results of an experiment carried out on a lactating goat with the aid of CH314CO2Na were described. It was found that, in the origin of milk fat, synthesis within the udder from acetate played an outstanding part. This conclusion was based on a comparison of the specific activities of four crude fatty-acid fractions obtained from milk glycerides with those of the plasma fatty acids after a single injection of CH314CO2Na.
(Received 1 November 1950) In a previous paper (PopjAk, French & Folley, 1951) some results of an experiment carried out on a lactating goat with the aid of CH314CO2Na were described. It was found that, in the origin of milk fat, synthesis within the udder from acetate played an outstanding part. This conclusion was based on a comparison of the specific activities of four crude fatty-acid fractions obtained from milk glycerides with those of the plasma fatty acids after a single injection of CH314CO2Na.
During the first 12 hr. of the experiment the steam-volatile acids insoluble in water (consisting mainly of C8-C12 acids) had the highest specific activities, the next in order being the water-soluble steam-volatile acids (C4-C8 acids). These were followed by the specific activity of the non-volatile solid and liquid acids, the latter having the lowest specific activities. From 12 hr. onwards, however, the specific activity-time curve of the non-volatile solid acids gradually crossed over the specific activity-time curves of the two steam-volatile fractions so that by the 23rd hour of the experiment the specific activities of the four fractions were in the following order: non-volatile solid acids > waterinsoluble steam-volatile acids > water-soluble steamvolatile acids> non-volatile liquid acids. This same order was maintained until the end ofthe experiment (48 hr.) (cf. Popjak et al. 1951, Fig. 3 ).
The specific activity-time curves of all four fractions, after reaching their maxima 3-4 hr. after the injection of labelled acetate, decayed smoothly with an average half-life of about 4 hr. The similarity of the half-lives suggested that the different specific activities of the fractions were in some way connected with the biochemical mechanism of fatty-acid synthesis rather than with any other factor (e.g. differences in turnover time, dilution with nonisotopic blood fat). Since the specific activities of these mixtures of fatty-acid samples bore no simple relationship to the average chain length of their component acids, it was pointed out that resolution into individual acids was required in order to interpret more fully the role of acetate in milk-fat synthesis.
In this paper the results of complete fractionations of the fatty-acid samples obtained in the previously * Member of the staff of the National Institute for Research in Dairying, University of Reading, at present working at the National Institute for Medical Research. described experiment are reported together with the chemical degradations of acetic, butyric and caproic acids, in which the position of the '4C-label in individual carbon atoms of the fatty-acid chain has been established.
It would have been a gargantuan task to resolve into individual acids the four crude fatty-acid fractions from twenty-two milk samples. If the specific activities ofthe four fractions had maintained the same order relative to one another throughout the experiment, it would have been justifiable to pool the samples from the entire experiment for the isolation of the individual acids. However, because of the change in the relative position of the specific activity-time curves at 12 hr. after the injection, it was decided to divide the acids into two main groups, (1) those obtained up to 12 hr. and (2) those between 12 and 48 hr. of the experiment. Thus during the first period the fatty acids had their highest specific activities and during the second period the specific activities of all the fractions were already declining. In addition to these two main parts of the experiment, some results obtained on two small samples of the water-soluble volatile acids, one representing 0-7 hr. and the other approximately the entire experimental period, are also presented.
It isnow apparent that, although acetate is a major source of carbon for milk fatty-acid synthesis, the results strongly suggest that another precursor, which we believe to be a C4 compound, derived from the blood, must also be involved. As a result of the participation of this second precursor of low isotope content, it has been possible to show by chemical degradations that the synthesis of fatty acids must occur by the stepwise elongation of a shorter acid at the carboxyl end with a C2 compound and not by the simultaneous condensation of C2 units. Some of these results have been published in a preliminary form (French, Hunter, Martin & Popjak, 1951 ). Table 1 shows the extent of fractionation achieved.
RESULTS
All the acids, with the exception of acetic, were chromatographically pure. The acetic acid was contaminated with probably not more than 10% of butyric acid, but as the quantities of this acid were rather small (5-10 mg.) no further purification was attempted. Table 1 shQws that there is a definite trend in the specific activities of the pure acids with increasing chain length from butyric acid upwards. During the first 12 hr. of the experiment the specific activities increased up to and including capric (decanoic) acid, whereas during the second part of the experiment the specific activities increased up to myristic (tetradecanoic) and palmitic (hexadecanoic) acids. used in the synthesis of the higher fatty acids is therefore not clear and its relatively low specific activity canmot be accounted for. The possibility has to be considered also that the acetic acid might have been derived partly by bacterial decomposition of milk constituents during the period betweenmilking andextractionofthe fat. Thefurther possibility that the presence of acetate in the milk fat was an artifact due to temporary raising of the blood acetate level by the injection of CH314CO2Na may be dismissed, since acetate was found in the milk at all times of the experiment up to 48 hr. after the injection. Whatever the origin of this acetate, its occurrence nevertheless served as a useful guide showing that redistribution of the label from the injected acetate did not occur in the animal (cf. Table 2 ) since 14C was found only in the earboxyl carbon. In the subsequent discussion of fatty-acid synthesis from the injected acetate, we shall refer to 'acetate' to denote the metabolically active C2 derivative of acetic acid. There is no evidence available from our experiment to show what this active derivative might be, nevertheless it appears justifiable to speak of the methyl and carboxyl carbon atoms of this metabolite, since from evidence discussed below it is clear that the polarity of the molecule was maintained.
In addition to acetic acid, propionic and valeric acids were also found among the water-soluble steam-volatile fatty acids by paper chromatography. No radioactivity could be detected over the spots of these acids on the paper although the activities of acetic, butyric and caproic acids were definitely measurable on the paper. The considerations as to the origin of acetic acid apply also to the origin of propionic and valeric acids. Both of these acids, however, are known to occur in the rumen and therefore may find their way into the milk via the blood. In this connexion it might be mentioned that in an asyet unpublished experiment, in collaboration with Prof. G. Peeters and Dr S. J. Folley, in which an isolated cow udder was perfused with blood containing acetate, no propionic or valeric acid was found in the milk fat.
Butyric acid
The butyric acid had a lower specific activity in both periods of the experiment than any longer acid up to and including lauric (dodecanoic); later its 14C content was the lowest of all acids up to palmitic (hexadecanoic) ( Table 1 ). The degradation ofbutyric acid revealed the presence of equal amounts of 14C in carbon atoms 1(COOH) and 3, carbons 2 and 4 being totally inactive. This finding indicates that butyric acid has been synthesized in the udder by the condensation of two acetate units of equal isotope content, the methyl carbon of one having been linked with the carboxyl carbon of the other. It has been mentioned in the introduction that we do not consider acetate to be the only source of butyric acid in the -milk. The necessity for this assumption should become clear from the information obtained by the degradation of caproic acid. Caproic (hexanoic) acid The results of the degradation of caproic acid from the early part of the experiment (cf. 2CH,C**OOH -+ CH3C**H2CH2C**OOHi =CH C*H2CH2C*OOH C4 compound (non-isotopic --CH,CH2CH2COOH i aH2 C2
The synthesis of caproic acid may then be visualized by CH,C*H2CH2C*OOH + CHSC**OOH -+ CH3C*H2CH2C*H2CH2C**OOH.
existing non-isotopic caproic acid, i.e. the metabolic 'pool' of caproic acid in the gland must be very small. The difference between the 14C content of the 'acetic' and 'butyric' parts of caproic acid would admit at first sight two possible explanations. The first one is that the butyric acid synthesized from acetate was diluted 2*5 times by pre-existing nonisotopic butyrate. This would imply a fairly large pool of this acid. If this were the case, then during the second part of the experiment, when the specific activity of acetate must have been declining rapidly, the 'acetic' part of caproic acid should have a lower specific activity than the 'butyric' part. The second possible explanation is that the butyric acid synthesized from acetate is being continuously diluted 2-5 times by a non-isotopic 04 compound derived from the blood. This 04 compound might be butyric C(aprylic (octanoic) and capric (decanoic) acids The increase of specific activity with increasing chain length is also observed in the case of caprylic (octanoic) and capric (decanoic) acids at all times of the experiment (cf. Lauric (dodecanoic) acid During the first 12 hr. lauric (dodecanoic) acid had a lower activity than capric or caprylic. Later, however, its activity became higher than that of capric. That lauric acid is synthesized by the same mechanism as for the shorter acids appears probable from the position which it occupies during the second period. However, since in the earlier period lauric acid does not attain as high activity as capric acid, its turnover time must be more prolonged than that of the shorter acids. It is probable that the cells contain an appreciable pool of lauric acid.
Myri8tic (tetradecanoic) and palmitic (hexadecanoic) acid8 These acids have equal activities in both the early and late periods, but relative to the other acids they change from a low level to become eventually the most active of the acids. The arguments adduced in the case of lauric acid could apply to these two also, since it is likely that these acids, which are regular components of tissue fat, are present in considerable quantity within the cells. The equal activity of myristic and palmitic acids may suggest that the two acids are in equilibrium, i.e. that palmitic is broken down to myristic as well as being formed from it.
Stearic (octadecanoic) and oleic (octadec-9-enoic) acida The very low relative activity of these acids (Table 1) seems to suggest that they have a different mode of origin, being derived largely from preformed molecules in the blood, or synthesized chiefly from a precursor other than acetate. However, it is possible that relatively large pools of these acids in the cells play a part in producing the observed low activities, for by the later part of the experiment a relative increase in these activities has occurred.
In the first period stearic acid was slightly more active than oleic, but later the activities became equal. This suggests a possible equilibrium between the two acids. DISCUSSION Certain general principles of fat metabolism and milk secretion are implicit in the present results. It has been stated in the previous paper ) that the formation of milk-fat results from the endogenous metabolism of the gland cells and that fatty acids taken up from the blood probably are broken down more or less to C2 units which become mixed with exogenous acetate. From the results presented above the further points which-have emerged are: (1) the stepwise elongation of fattyacid chains at the carboxyl end by the addition of a C, unit derived from acetate; (2) the participation of a Co compound in the formation of butyric acid; and (3) the small size of the metabolic pools of the short-chain acids (butyric-capric) in the mammary gland cells.
It is possible on the basis ofthese results, to suggest the main features of the synthetic process, and to consider whether this is peculiar to the mammary gland or whether it is a general process in mammalian tissue. The question is, if body fat and milk fat are synthesized from the same precursor(s), why do the products differ in composition?
Acetate is known to be a building-stone available for all positions of the fatty-acid chain (see Bloch, 1947 Bloch, , 1948 . The interconversion of palmitic and stearic acids by the addition or removal of C2 units was demonstrated by the experiments of Schoenheimer & and of Stetten & Schoenheimer (1940) with deuterium-labelled fatty acids. Zabin (1950) , in Dr K. Bloch's laboratory, has recently shown in rats, under conditions in which fatty-acid synthesis is depressed, that after administration of CH314CO2Na, almost all the radioactivity of stearic acid could be accounted for by the radioactivity of the carboxyl carbon. The elongation of lauric (dodecanoic) and myristic (tetradecanoic) acids to palmitic and stearic acids has been shown to occur also (Klem, 1943) . Thus the elongation of fatty acids by the addition of a C2 unit is well established for the longer acids which are constituents of body fats.
The short-chain acids, which were shown in this investigation to be formed likewise by the lengthening ofa still shorter acid by the addition of an acetate molecule and which might be expected as intermediates in the total synthesis of the longer ones, are, however, thought to be absent from cells of internal organs. Moreover, Rittenberg, Schoenheimer & Evans (1937) failed to find any evidence that deuterium-labelled butyric and caproic acids could be used for synthesis of higher acids. Therefore, a scheme of simplereversal of ,-oxidation as a general mechanism of fatty-acid synthesis in the tissues (with the exception of the mammary gland as presented here) could not be supported by experimental evidence. An alternative hypothesis of simultaneous condensation of C2 units, giving longchain acids directly, has been considered (e.g. by Peters & Van Slyke, 1946) . It should, however, be pointed out that the failure ofthe deuterium-labelled butyric and caproic acids to give rise to fatty acids labelled with deuterium does not constitute an absolute proof against the possibility of the carbon chain of these acids having been utilized in the synthesis of higher acids.
The question of the general applicability of the mechanism of fatty-acid synthesis as revealed in the mammary gland hinges on the relationship which exists between the fatty acids found in the milk triglycerides and the various precursors which are undergoing metabolism within the cells. This relationship is a matter of conjecture as far as the chemical form in which the precursors react is concerned, but it can be concluded from our results that the carbon chains take part in the synthesis in the manner outlined above. The glyceride fatty acids of the milk are perhaps best regarded as metabolic products which have become stabilized by esterification with glycerol and secretion into the milk ducts. The process of secretion might be regarded as one which intervenes with great rapidity between the formation ofthese acids and their further metabolism in the cell, so as to trap in the milk glycerides substances which would otherwise be metabolized so rapidly as never to accumulate to any great extent. According to this argument then the difference between milk-and body-fat formation might be more apparent than real; the process of rapid secretion by the mammary gland having only the effect of 'preserving '-rather conveniently-the intermediary products of synthesis. Stadtman, Stadtman & Barker (1949) have shown by the use of14C that Clostridium kluyveri synthesizes caproic acid by the addition of a C2 unit derived from ethanol to the carboxyl carbon of butyric acid. Stadtman & Barker (1949a-e) have studied the reactions involved in this synthesis in considerable detail by means of a cell-free enzyme system. The anaerobic synthesis of fatty acids by this organism is essentially an energy-yielding mechanism, and it is not clear at present how far it is comparable to fat synthesis in animals. It is quite probable, however, that many of the intermediate steps are similar. Smith & Dastur (1938) were the first to suggest that the short-chain fatty acids in the milk might be intermediates in the origin of the higher ones. Similar views, based on the in vitro utilization of specific substrates by mammary tissue with high respiratory quotients, have been expressed by Folley & French (1948 . The results described in the present paper are, however, the first direct evidence on the question.
The participation ofa C4 precursor in the formation of milk fatty acids may be related to information available on the metabolism of lactating ruminants. Butyric acid itselfis absorbed from the rumen, but its concentration in the peripheral blood is low (McClymont, 1949) . The ketone bodies, however, circulate in considerable amount, and Shaw & Knodt (1941) have demonstrated the uptake of -hydroxybutyrate by the udder ofthe lactating cow. They estimated the quantity taken up to be equivalent to all the milk acids up to and including tetradecanoic, i.e. more than one-third of the total acids. If this substance is used for milk-fat synthesis, it seems probable from our results, that it contributes to the formation of butyric acid and therefore also to the equivalent parts of the carbon chain of all acids up to palmitic.
The quantitative extent of its contribution may thus be considerable, although it seems likely that some of it would be metabolized via a C2 unit and thus become merged with the metabolic acetate.
The conception of milk-fat formation advanced here is somewhat at variance with that of Hilditch (1947) whose views have recently been re-affirmed (Achaya & Hilditch, 1950) . It hardly need be stressed here that our results do not admit the possibility that the short-chain volatile acids in the milk were derived directly from the degradation of oleic acid, which according to Hilditch should be their primary source. We have not been able to isolate from our small material A9 unsaturated acids of shorter chain length than oleic, which according to Hilditch should also be derived from oleic acid degradation, and therefore cannot offer direct evidence on their mode of origin. It should, however, be pointed out that the derivation of oleic acid from stearic and of palmitoleic by the dehydrogenation of palmitic acid have been proved (Stetten & Schoenheimer, 1940 ). It does not seem at all improbable, therefore, that tetradec-9-enoic, dodec-9-enoic and dec-9-enoic acids originate also from the dehydrogenation of the corresponding saturated acids.
EXPERIMENTAL
The crude fatty-acid fractions as described in the earlier publication formed the starting material of the fractionations. These fractions were: (1) water-soluble and (2) water-insoluble steam-volatile acids; (3) non-volatile solid and (4) non-volatile liquid acids.
Methods of fractionation
Water-soluble steam-volatilefatty acids. These were resolved into individual acids by azeotropic distillation as described by Schicktanz, Steele & Blaisdell (1940) . Benzene, toluene and xylene were used successively to separate acetic,butyric and caproic acids. The residual fatty acid, after the distillation with xylene was completed, was pure caprylic (octanoic) acid.
Water-insoluble steam-volatile fatty acids. These were separated by fractional distillation of the free acids at 6 mm.
of Hg pressure in the distillation apparatus described by . The capacity of our still was 5 g. Fractionation by partition chromatography (Howard & Martin, 1950) was also employed.
Non-volatile solid and liquid fatty acids. These were converted into methyl esters either by refluxing with dry methanol in the presence of H2S04 or by treatment of the acids with diazomethane. The methyl esters were then distilled at 0.5 mm. of Hg pressure in the apparatus used for the fractionation of the water-insoluble volatile acids.
Identification of the fatty acids and criteria of their purity Mostly chromatographic methods were used for this purpose: paper chromatography for acids up to and including caproic (hexanoic) (Martin, 1950) and partition chromatography for acids of longer chain length (Howard & Martin, 1950) . In addition, in the case of acids of C14 to C08 chain length (of which larger amounts were available), an essential criterion of purity was, before testing by chromatography, that the specific activity of the fraction should remain constant after redistillation.
The fatty acids, the specific activities and degradations of which are reported were pure chromatographically unless specified.
Methods of chemical degradations of fatty acids Acetic acid was degraded by the pyrolysis of the Li salt in vacuo at 380°, essentially as described for barium acetate (see Calvin, Heidelberger, Reid, Tolbert & Yankwich, 1949) . The acetone formed during the pyrolysis was collected in a trap cooled with liquid air and subjected to the iodoform reaction. The carbon atom of CHI8 corresponds to the methyl carbon of acetate. The Li2CO3, the other product of pyrolysis, the carbon atom of which is derived from the carboxyl carbon of acetate, was converted into BaCO3 and used for the assay of 14C.
Butyric acid was degraded by oxidation of ammonium butyrate with H202 as described by Wood, Brown, Werkman & Stuckwisch (1944) . This degradation can be carried out conveniently on 200 mg. of butyric acid. The only product of the oxidation, useful for the identification of the labels in the carbon chain of butyric acid, is acetone, the carbonyl carbon of which is derived from carbon atom 3 and the methyl carbons from carbons 2 and 4 of butyric acid. The following equations represent the main reactions in this degradation: Unfortunately the C02 evolved in reaction (1) is almost equally derived from all four carbon atoms of butyric acid.
The acetic acid, resulting from the iodoform reaction (2), was separated from the reaction mixture by steam distillation after removal of the excess I2 with Ag,SOi. It was finally obtained as the Ag salt and its radioactivity determined. The radioactivity of the carboxyl carbon of butyric acid was obtained by difference.
Caproic acid was degraded by a new method (Hunter & Popj'ak, 1951) , according to which carbon atoms 1(COOH) and 2 of caproic acid are split off as acetic acid and carbons 3, 4, 5 and 6 give butyric acid. The steps involved in this degradation are: oc-bromination of the acid chloride, conversion into ethyl or higher ester (best yield with neopentyl ester), dehydrobromination of the a-bromo ester, yielding the ester of hex-2-enoic acid. The fusion of this ester with KOH at 3300 results in the fission of the double bond and gives acetic and butyric acids which were degraded further by the methods already mentioned.
Assay of 140 was carried out mostly on solid samples of 'infinite' thickness > 25 mg./sq.cm. as described previously (Popja&k, 1950) , but in a few instances the measurements were made on samples of 1-3 mg./sq.cm. thickness. The radioactive counts were all corrected to infinite thickness by the use of an experimentally determined self-absorption curve. The specific activities expressed in this paper as FL. 14C/Mg. C may be converted into counts/min. by the following factors: a substance containing 1 x 10-8sjc./mg. gave 1300 counts/min. in samples of 1 sq.cm. area or 2470 counts/min. in samples of 2 sq.cm. area in infinite thickness. Because of the high activity of our material the assays could easily be carried out to an accuracy of ±1 % or better. SUTMLARY 1. Milk fatty acids obtained from a lactating goat after the injection of CH314CO2Na have been resolved into individual acids and their 14C content determined. All the even numbered saturated acids from C2 to C1l and also oleic acid have been isolated. Traces of propionic and valeric acids were also identified by paper chromatography.
2. Chemical degradations of acetic, butyric and caproic acids have been carried out. Only the carboxyl carbon of acetic acid contained 14C.
3. Butyric acid is synthesized from two acetate molecules in such a way that the methyl carbon of one becomes linked to the carboxyl carbon of the other. It is inferred that only about 40 % of the butyric acid is synthesized from acetate, the other 60 % being derived from a non-isotopic C4 compound, possibly P-hydroxybutyric acid. Caproic acid is synthesized by the elongation of the butyric acid chain at the carboxyl end by the addition of acetate.
4. The metabolic 'pools' of the short chain acids (up to CLo) in the mammary gland cells appear to be very small. 5. The results are consistent with the view that all the milk fatty acids up to and including palmitic are formed by the stepwise elongation of a shorter acid by the addition of a C2 compound derived from acetate. Stearic and oleic acids might be derived mainly from the blood or from a precursor other than acetate.
6. The possible relationship between the mechanism of fatty-acid synthesis in the mammary gland and in other mammalian tissues is discussed.
